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J. L. Friar
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ABSTRACT

The few-nucleon problem in nuclear physics and the
few-electron problem in atomic physics are shown to
possess similarities. Relativistic aspects of §he
latter are reviewed. The radiative decay ¢f the “P
excited state of helium-like ions to the § groun&
state is shown to be a tneoretical anaf%gue of
low-energy deuteron forward photodisintegration.
Both have large relativistic componenis. The ex-
tended Siegert's theorem, which permits application
of Siegert's technique to arbitrary photon wave
lengths, is applied to both transitions. Physical
arguments for the two processes are stressed, and
the relevance of interaction currents is discussed.

Nuclear and atomic physics have many similarities. Nowhere are
these similarities more apparent than in the few-body problem, which
is a special field in both disciplines. 1 am not an expert in the
atomic field; rather 1 am a dilettante. Most of my dahblings have
been in the hydrogenic atom! and two-electron atom problens. Al-
though I clearly run the risk of giving a distorted impression of
atomic physics, let me remark that if what 1 say isn't true, it should
be!

The few-body problems of any field are those areas where compu-
tational expertise is greatest, and where new ideas can be most easily
tested and the vnderlying tenets given their most severe challenges.
The difficulties inherent in any attempt to solve the many-body prob-
lem make tests of fine theorelical details extremely dubious in such
systems. Hence the attention given to simple systems.

The traditional aspects of these fields are the tacit ¢ sumptions
made in most calculalions, assumplions which are invariably made be-
cause they simplify without a significant lnssx of accuracy. 1 have
listed below what 1 consider to be traditional aspects of nuclear
physics and the corresponding aspects of atomic physics.

Traditional Aspects

Nuclear Physics Atomic Physics
(a) Nonrelativistic nucleons (a) Nonrelativistic electrons
(b) Two=nucleon forces (b) Two=electron forces
(¢) No meson degrees of (¢) No self-radiative effects;
freedom; no excited nucleons; no virtual photons;

no guark substructure point nuclei only



I do not mean to imply that these aspects have never been challenged--
far from it. Relativistic treatments of the atomic one-electron bound
states predate? the Schrodinger and Dirac equations. Nearly fifty
years ago 3-body forces were derived for both electrons and nucleuns.*
Retardation in photon exchange was considered at nearly the same
time.5 Nevertheless, with the exception of the few-electron problem,
the tradition has been to treat atoms as composed of nonrelativistic
electrons interacting via the two-body static Coulomb force.

The situation in nuclear physics is somewhat different quali-
tatively from atomic physics. In the latter field the interaction is
known and most of the attention is directed at detailed treatments of
wave functions; the sophistication is very impressive. In nuclear
physics only pion exchange has any credible fundamentality because of
the primitive nature of QCD calculations and because the older meson-
exchange mechanism is phenomenological. In addition, light atoms have
many bound states, while the few-nucleon systems have only one, or
none. The atomic few-electron problem must be examined® in order to
appreciate its richness and elegance.

To the best of my knowledge no experimental evidqyce exists for
three-electron forces; these forces are of order (v/c) ', second-order
relativistic corrections, and correspondiﬁgly small. The evidence for
three-nucleon forces is circumstantial.”’ There is a binding defect
of approximately 1 MeV in the three-nucleon bound states for a wide
variety of realistic nucleon-nucleon forces. Certain three-body
forces generatc additional binding of approximately that amount. This
is a topic with intense current interest, and one 1 almost lectured on
here. Excellent evidence now exists® for aspect (c¢) in nuclear phys-
ics. The field of meson-exchange currents had a long adolescence but
has now come of age.

Although our attention will be directed at deuteron photodisin-
tegration, we will begin by examining relativistic corrections in the
few-eiectron problem. ] have chosen this procedure for three reasons:
(1) It is interesting to indulge in "cuitural exchange'" with other
fields; (2) The physics of one particular two-electron atom process is
immediately applicable to the deuteron; the former has been tested
experimentally, and nu one will dovht the results; (3) Much of the
experimental work on few-electron ions with large Z (proton number) is
now performed at aeravy ion machines, which are nuclear physics facil-
ities. I hope you find this approach interesting.

Figure 1 shows schematically the low=lying levels of hydrogenic
atoms. The Ml radiative transition between the 28 and Is states is
dominated by relativistic corrections,® because the magnetic moment
operator is the sum of spin and orbital angular momentum operators.
The latier vanishes for s-states, whil> the former does not contain
any radial factors which destroy the orthogonality of the radial wave
functious of the twe wtates. The retardation effect of the finite
photon wavelength, the Lorentz contraction of the magnetic moment, and



a contribution from the spin-orbit interaction make comparable con-
tributions to the transition.® The latter includes an interaction-
current term (one-photon-exchange) whose strength can be altered by
means of unitarv transformations. This is an example of the kind of
"ambiguity" which often arises in processes of relativistic order.
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Fig. 1. Low-lying levels of hydrogenic ions.

More familiar to most physicists are the 2s%*2p% transiticn and
the 2p fine-structure splitting. The former ir the quintessentizl
example of an exception to category (c) of traditional aspects. The
2s) state is normally degenerate with the 2pk state. Se)f-radiative
effects (the Lamb shift) and to a lesser extent the vacuum polariza-
tion raise the 2sY% level slightly. The effect is very smal.  but by
generating a transition between the two levels thc normal Bohr compo-
nent of the energies does not enter. In spite of the complexity of
the physics which determines the energy shift,!0 the electric dipole
transition is very simply calculgted if one uses the Siegert form!!
of the electromagnetic current, J(x), which couples the atom to the
radiating photon. Siegert showed that the long wavelength part of the
current operator for dipole transitions could be rewritten as

Jeoy - fatx 3 = -fedx % 8300 = i, B, (1)
where B = ] X p(x) ,

ig-y
T = % e " T3, (2)

Vdx) = -ilHLp(0] (3



for a photon whose mowentum g is negligibly small. The key ingredient
in revwriting the current in terms of the Hamiltonian, H, the electric
dipole operator, ﬁ, and the charge density, p(x), is current conti-
nuit given by eqn. (3), whicu has impeccable credentials. The
relat aship (1) is actually quite old, dating back to Schrodinger's
calcul. ijonl? of the electric dipole transitions between Stark-
shifted states -- the first modern calculation of a quantum transi-
tion. Schrodinger actually assumed eqn. (1) because it held classi-
cally, an!| later proved current continuity for his equation in the
presence of "ordinary" forces. An explicit demonstraticn of eqn. (1)
for the Lamb shift is fairly recent.!® Although th: current and
Hamiltonian are very complicated in that case, p(x) is not, and tran-
sition matrix elements are trivial to calculate using eqn. (1).

Siegert's result is called '"Siegert's theorem" and forms the
backbone of the photonuclear field. The name is a misnomer, because
the "theorem" is actually an approximation. Although eqn. (1) is
exact, using the nonrelativistic dipole operator o in place of D, as
advocated by Siegert, is an approximation. Sieger} showed that any
correction to this prescription is of order (1/c“) and should be
small. These corrections can be either potential dependent, AB , or
momentum dependent, v

The best known example of a relativistic effect in an atom is the
2p3/2-2pY fine structure, a knowledge of which predates quantum mech-
anics; it is shown in Figure 1. The Bohr contribution to the energy
difference cancels, and the splitting is produced the spin-orbit
interaction, whose form is qu = - eEE' 50! where is the electric
field of the proton, ep is” the (pgsitive) fundamental charge and

_ _ K(2p-e) » =
Aisso' w2 2 oXp
m C

, (4)

where y, e, m, 3, and ; are the electron's magnetic moment (in magne-
tons), charge, mass, ,and spin and momentum operators. Note the ex-
plicit facior of 1/c (which won't be seen zgain); this is a rela-
tivistic correction. Two phenomena generate One is the elec-
tric dipq}e meoment generated when a magnetic “moment P moves with
velocity v: evxy/c. This can also be viewed as the usual :interaction
in the electron's rest frame with the magnetic field gencrated by
transforming the electric field from the proton's rest frame. In any
event it generates the p-term. The remaining e-term was explained hy
Thomas!? at the zame time Schrodinger was performing his seminal
work. The elegtron's velocity vector is constantly changed by the
acceleration, a. To an observer on the proton the coordinate axes
attached to the flectron are rotating (precessing) with the Thomas
frequency: vxa/2¢”. This leads immediately to the e-term in eqn. (4).

The spin-orbit interaction's origin is kinematical, which ex-
plains its ubiquity. That was the recason for the exercise above. It
occurs naturally in any derivation'* of the nucleon-nucleon force



when l/cz-terms are kept. Two more examples of its occurrence in
atomic physics are contained in Figure 2, which displays the log-lying
states of helium-like ions, which have two electrons. The “S.»'S

transition is similar to the 2sk4+1s} transition in hydrogenic 1ions,
because the magnetic moment operator cannot flip the spin of one
electron relative to the other. Retardation, Lorentz contraction of
the Ml operator, and interaction currents generateg by _the miniwmal
substitution in the momentum dependence in eqn. (4) (p+p-ex) drive the
reaction.® Theory and experiment are in good agrec: ~nt.
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Fig. 2. Low-lving levels of helium-like ions.

3 1Hore interesting perhaps and more relevant to our purposes is the
P.+»°S electric dipole transition. This is called an intercombina-
tion 13ne and occurs in the solar corona and is r=levant to Tokamak
fusion reactors. It also has astrophysical relevance. The transition
is seen to be forbidden in first order if we use Siegert's form of the
electric dgpole gurrent, and the form of the n-nrelativistic dipole
operator: = er. This is spin independent and ran't induce triplet
to singlet Yransitions. How does the transition proceed, then? Part
of the answer lies in the nonrelativistic assumption used above; we
need to rescjnd Siegert's approxim%tion. Clearly the spin-orbit dipole
operator, A’) , contributes to and can induce the transition.
Retardation oF the nonrelativistic electric operator can also con-
tribute because the current contains a spin-magnetization term of the
torm: -i(gxo)p/2m. In addition the electron spin-orbit potential
admixes small amounts of P, state with the dominant “P. part; this
admixture is a relativistic component of the wave function.!3'1'®  The
ordinary dipole operator can then connect the components with the s¢me
spin generated by the noncentral atomic forces.!¢

Our prohlem is to write the current in a form which manifests
each of these processes.? Clearly a good starting point is eqn. (1),
Siegert's theorem, but including the spin-orbit contribution to the



dipole operator. A variety of formulae exist for including the effects
of retardation; it is not clear that they build in current continuity,
eqn. (3), in the maximal way. For this reason we will develop our own
form. The reason for dping this is the complexity of the atomic force
and current when 1/c“ corrections are included, and the relative
simplicity of the charge density. Both the interaction and the corre-
sponding current are quite messy! The key ingredient in our calcula-
tion is the Fourier transform of eqn. (3)

a-3(g) = [H,p()] , (5)

where p(q) is the analogue of eqn. (2). Siegert's resulf is generated
by expanding both sides of eqn. (;) to first order in q and equating
coefficients. It is conly because q is a variable that a constraint on
the component of the current along a particular direction gives infor-
mation on the complete current. Terms which are second order in q in
eqn. (5) involve the jelectric quadrupole operator, so we examine the
third-order terms in q:

J'dsx(xdxﬂ.]Y + xaxYJB + xBxYJa(g)) = i[H, fd3x xaxBxY p(x)] . (6)

This result is complicated ty the obvious requiremen®. that we kcep
track of 3 different Cartesian jndices (a,B,y), which connected to
factors of the photon momentum, q. There are two notable features of
eqn. (6): (1) The right-hand side is the Cartesian octupole tensor;
(2) The left-hand side involves only terms symmetric in the indices.
The octupole tensor is reducible; that is, it contains a piece which
is dipole in nature and can be obtained by contracting any two indices
together:

jadx (2% %-J) + x? Jx)) = iln, fadx x xPp(x)] . (7)

This relationship conftains the cumpl-te information we need on the
current cqpservation constrairt for electric dipole trgpsition§. If
we expand .(g) to secund order in q, arrange indices on x's and J's so
they are either symmetric or nonsymmetic in the indices, use of eqr.
(7) results in

EY

j (q) = IH B -’_"1'_6_5+§i(_a"_) +§xﬁxﬁ)+ 8)
g1 37 = 1 " 1o 30 ) 6 ottt (

where O is the integral on the right-hand side of eqn. (7),

fdax M xzp(g). and N is related to the magnelic density ﬁ(i); H;Xj(i):

N(x) = [ ddx % » f(n) . (9)

Equation (8) is very powerful and elegant, although "beauty is in
the ecye of the beholder"! It expregses the retarded E1 current in
terms of 3 physical quantities, 5;5, and and satisfies current
conscrvation withou! any approximation. The latter proof is left as



an exercige. We also note that this form is unique in its maximal use
of current conservation, because of our use of permutation symsmetry
with respect to the indices on the vectors. The form we have derived
is the logical extension of Siegert's early work and is_also different
from others used commonly in the past. Although D and 3 have a simple
structure, N requires a little work to develop for s single electron:

ﬁ:-glé'%—xi+z—;{;.xil+... ) (10)

The two terms above arise from the Bspin-magnetization current and
convection current, respectively. Additional currents, such as ex-
chan-= currents, gen:rate additional components of N. Experts will
note that the transverse (to ) revardation correction in the Siegert
term is 6 times smaller than the usual correction and that i doesn't
involve the radial derivative present in the usual form!

After this short digression to develop a new multipole fgrmu}a,
we can investigate the size of various contributions to the “P.+"S
Btomic ecay. As we remarked earlier, the spin-independent parés o?

and don't contribute to the direct triplet-singlet transition.
The spin-orbhit dipole operator does, and so does the spin-dependent
term in N: . We can easily compare the contributions of these two
terms by usfhg a trick. We use the fact that q = w, the photon
energy, and also is the negative of the vnergy difference of atomic
incl @and initial states: w_.. The approximate relationship
p=im[H,r], where we ignore the Pelativistic corrections in H, then
leads to
2

we,
3|(g) = iwfiﬁo + Zﬁi ((Zp-e)-p)ak; . (11)

Equation (11) displays the component of h] orthogonal to q in terms of
the Siegert part, as_well as the spin-orbit term and the retarded
magnetic correction, N ; it ipnores % and the remaining parts of N,
which make negligibles contributions. For electrons, the anomalous
magnetic moment i tiny and thus pSe. Consequently, the spin-orbit and
retarded spin terms cancel, and the spin-flip terms induced by the
atomic spin-orbit forces drive the transition. The overall size of
either of the cancelling terms!® compared to the leading dipole term
is roughly 25% for helium. The agreement between theory and experi-
ment is quite good.16'17

The lessons learned above in the atomic physics examples are
immediateiy applicable to nuclear physics. 1In order to "see" relativ-
istic corrections in nurlei it is necessary to find physical situa-
tions where the dominant nonrelativistic contributions cancel. 1t is
not feasible for us to perform measurements with incredible accuracy
and reliably calculate and subtract the dominant nonrelativistic
parts. Nobody would believe the result. Fortunately, a process exists
which providea convincing evidence of special relativity at work in a
nucleus. Figure 3 shows an electromagnetic wave (photon) impinging on



a deuteron. The electric field vector of the photon is orthogonal to
the Peynting vector and exerts a force on the proton in the same
direction. This clacsical argument indicates that the protons are
preferentially directed at right angles to the photon beam and are
forbidden in the forward direction. At the bottom of the figure is
depicted the unit angular momentum of the photon directed along the
Poynting vector. The orbital angular momentum of the n-p system along
this direction vanishes when the proton is forward-going. Ignoring
the spins of the nucleors, the process must be forbidden!

t ! t__tfs_. é: Forbidden

r———————— .
Claasically

T 00— — — = — — @ ——

|~ n — —p P

L=0

Fig. 3. Classical kinematics for deuteron forward photodisintegration.

The reaction is not forbidden, of course, but i3 greatly sup-
pressed by the argument given above. In order to calculate the domi-
nant electric dipole process accurately, we need to say a few more
words about the Siegert form of the current operator. The classical
component of the current is ev/c, where v is the velocity of the
particle whose chiarge is e. In a nucleus there are other, comparable
currents arising from the flow of charged mesons. Roughly half of the
mesons which are exchanged are charged and generate meson-exchange
curvents. Only the long-rangc parts of these currents are known. It
is therefore absolutely necessary to use Siegert's theorem. In d4tomic
physics theses two currents are called the dipole-velocity and dipole-
length forms. Only the latter has any fundamentality when the
Hamiltonian contains relativistic corrections, as it did in our ex-
ample earlier. Deuteron photodisintegration for 90° protons is shown
in Figure 4, calculated in the unretarded electric dipole approxima-
tion using the length (Siegert) and velocity (convection) current
forms. The large difference is the effect of interaction currents
included implicitly in the former. According to Professor
Arenhével ,18  these effects are largest for the El multipole and
become progressively smaller as the multipolarity increases.

We will see later that the 0° electric dipole cross section is
approximately 2 pb for 10 MeV photons. This is 'n enormous suppres-



sion, which we predicted, but is nonvanishing. What physical ingred-
ients drive the forward reaction? We have ignored the nucleon spins
that drive the M1 amplitudes; these are primarily spin-flip in nature.
We have also ignored the intrinsic spin-dependent effects in the wave
functions, particularly in the deuteron ground state whose D-wave
component is the result of noncentral forces. We can categorize the
ingredients for a nonvanishing cross-section as follows:
(1) Noncentral forces between the nucleons in the excited state;
(2) The deuteron D-state, resulting from noncentral forces;
(3) Spin-derendent transition operators;
(4) Posgib” exotic phenomena of non-nucleonic nature.
We see that with the exception of category (4), 3thelsituation is
identical to that of our previous example,  'he Pl* S, radiative
decay. The spin-independent dJdipole operator D contribuges only in
Z%e presence of noncentral forces. The spin—ofbit dipole operatorl?®
and spin-current2® N _ also should make large fractional contri-
butfons. The only change ih the analysis following eqn. (11) reflects
the large isovector magnetic moment of the nuclepn: 4.7 n.m. The
electric dipole reaction proceeds primarily to “P. excited states,
which have isospin 1. The isospin change requires 4 in all opera-
tors; we consequently can neglect e compared to p in‘@qn. (11). Ihe
spin-orbit contribution should therefore be roughly twice that of N ,
and oppositc in sign. 8
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Fig. 4. Siegert and classical contributions to photodisintegratior.

Figure 5 displays .ne percentage contributions of the 3 and N re-
tardation corrections to the Siegert term at 0®°. Both old (i.e. con-
ventional) and new (2qn. 8) forms are shown. Note that ig smaller
by a factor of 6 in the new form, and the orbjtal part of N (N ) is
also smaller, in general. The spin part of N is the same inboth
forms and is approximately a 10% effect for photon energies near 100
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MeV. The contribution of the usual pion-exchange currentg to N (ﬁ x)
is quite small in the new form. The +10% estimate for Ns indicat®s
that ABSO should generate a -20% contribution.
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Fig. 5. El1 retardation corrections.

In order to produce a quantitatively accurate calculation of
cross-sections, it is necessary to include higher multipoles. The
contributions through L=2 are shown in figure 6. The anomalously
large contribution of M2 is caused by the dominince of this isovector
spin-triplet multipole by the spin-magnetization current and its very
large M, Higher multipoles are much smaller.
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Fig. 6. Multipole contributions to deuteron photodisintegration.
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Fig. 7. Photodisintegration for various potential models.

d(y.p)n - Spin Orbit

10 LAARSS A ¢ T L T T T T T T
Experimental Data
Hamuda Johnston
Re1 ! Soft Core
ar . Super Soft Cuare 4
Paris
£
C -
a2 ° e
L}
g e TR
= ¢
(=]
B
o
Argonne Vi4
2F C de Tourreil -Rouben -Sprung p
- OPEF
— Humberston-Wallace
[T PP n i Aosayl i L i Ao Aaaaabaa
0 10 20 20 +0 30 a0 70 | ] 0 100 110 120 130
@, (MeV)
Fig. 8. Photodisintegration including spin-orbit operator.

In order to make a convincing case that the spin-orbit dipole
operator eliminates most of the discrepancy between nonrelativistic
impulse approximation and the experimental data,2!'?? we have cal-
culated the former using B "realistic" potential models.?3  All lie
close together in Figure 7, as do the corresponding spin-orbit results
in Figure 8. In fact, the spread in the curve is illusory. The use
of Siegert's theorem results in the process being dominated by factors
of r” and hence by the tails of the wave functions. Figure 9 shows
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what happens when the devteron D-state is turned off: most of the
cross section vanishes. It is therefore appropriate24 to correlate
the cross section with the deuteron asymptotic D-state normalization
parameter: EnAS. Scaling the curves in Fig. (7) to the experimental
value (.024) of produces Fig. (10). The grouping is much tighter
except for the Hamada-Johnston and Reid Soft Core potentials. The
latter has poor P-wave forces, while the former hacs an incorrect
deuteron binding energy. The Humberston-Wallace modification of the
HJ potential does not have that defect. The correct inclusion onf
forces in the excited states is quite important. The dotted curve in
Figure 9 peglects such forces. Even the inclusion of the J=3 forces
in the RSC potential isn't a negligible effect. Those forces, devel-
oped but not published by Reid, were recently published by Day.25
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Fig. 9. Limiting cases for photodisintegration with RSC interaction.

Th= pion clouds around the nucleons contribute to the nuclear
charge density via fluctuations, a kind of induced zitterbewegung.
Just as the Lamb shift can he viewed as & “'smearing" of the electron's
chargr by recoil when a virtual photon is emitted and absorbed, so0 do
the nucleons reccil aad modify the density while exchanging pions.
The resulting charge density modification is spin-dependent, because
the formation of the pion cloud is correlated with the nucleon spins.
Consequentiy, a rpin-dependent pion-exchange dJdipole operator s
created in the deuteron, and can play a role in plotolisintegration.

We show in Fig. 11 the consequences of including A , the pion-
exchange part of the electric dipole operator. This operator suffers
a two-told unitary ambiguity 26  determined by paramcters p and v.
The parameter p determines the equivalence representation, which
relates in appropriate fashion the pscudoscalar (PS) and pscudovector
‘PV) types of pion-nucleon couplings. The parameter v determines how
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Seta{dation in the exchange is handled. In our disc%fsion of the
P.+»"S_  decay we did not mention any contribution to from photon
cexchange. Such a contribution is possible, but doesn't occur because
all atomic physics calculatio' s involving photon excnange are per-
formed in Coulomb gauge.? Thi: gauge ic equivalent to v=1 (the "soft"
representation) and eliminates such terms. For photcn and scalar- or
vectog-meson exchange!* this representation eliminates to order

(v/c)” the isoscalar part of the exchange charge density, Apv.
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Fig. 1U Scaled photodisintegration for various potential models.

It is conventional to use PS-coupling in calculating ab_. This
is inappropriate. Threshold pion photoproduction from the nucleon is
a good test of Born-term models. Neutral piou photoproduction is very
different for the PS- and PV-cases, and experiments support the
latter,27 which is consistent with current algebra. One should there-
fore not use PS-coupling. The PV-case is trivially obtained from the
PS-results by replacing nucleon magnetic moments by 1. Results for
PS-coupling are the top two curves in Fig. 11, showing the complete
and local aprroximations for a specific, common representation. Most
calculations implicitly use p=-1 and drop momentum factors. That case
for PV-coupling is shown next and is only about half of the corre-
sponding PS-case. Three other representacions are also shown, is well
as the comparison curve which includes ﬁ and exchange contributions

to the magnetic dipole process, but not €XAD . The former contribu-
tions are nonrelativistic and independent of the specfic coupling
schere. Note that all the PV-cases are reasonably consistent with

A(do/dQ)" = (2v-p-1) X/2 with X>0. Thus, choosing 2v-p-1=0 corre-
sponis roughly to impulse approximation. For isoscalar processes,?26
Apn vanishes for v=1, p=3. All these calculations are inconsistent,
of course. The matrix elements in a consistent calculation would be
independent of p and v, the wave functions changing in each case to
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accomodate the different operators, ab_. Unfortunately, the commonly
used realistic potential models don't %orrespond to any of the repre-
sentations we have discussed.
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Fig. 11. Photodisintegration including pion-exchange dipole cperators.

In ronclusion, we have calculated deuteron S?rwafd photodis-
integration and shown that it is the analogue of the "P.,-'S  radiative
decay of heliup-like ° as. The latter process vanishes unless terms
of order (v/c)® are ca.iculated; in our opinion, the fo.ner process is
the first convincing case of a relativistic correclion in a nuclear
process. We have also developed the extension of Siegert's theorem for
nonvanishing wave lengths;?% alternative forms have nu compelling
foatures and should not be used for electric transitions. All of our
examples of reiativity at work involve the spin-orbit interaction in
various wvays. Finally, we have seen how interaction-dependent opera-
ters of relativistic order are ambiguous; a definitive calcu'ation
using n remains to be performed.

This work was performed under the auspices of the U. S. Depart-
ment of Energy.
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